We tested various cationic dyes chemically related to ruthenium hexaammine trichloride (RHT) [i.e., the RHTcyclohexanedione complex (RHT-CC), pentaamine ruthenium N-dimethylphenylenediimine trichloride (PRT), tris-(bipyridy1)ruthenium @) chloride (TRC), tds (bipyridyl) iron (U) chloride (TIC), and cobalt h d e trichloride (CHT)] for their effeaveness in precipitating cartilage matrix proteoglycans in situ. Dyes were introduced into media at the onset of processing and were present throughout both aldehyde fmtion and osmium tetroxide post-fmtion. Contrary to expectation, most of the dye-proteoglycan complexes generated and stable under aldehyde fuation conditions were found to be unstable during post-fmtion despite the continuing presence of the dye. A similar phenomenon was also found for the cationic dyes commonly used for precipita-
Introduction
In cartilage research, many cationic dyes have been employed to stain cartilage matrix components, and, indeed, the staining patterns observed have been used as a basis for defining compartments in this tissue (1). Since the time when proteoglycans (PGs; previously called mucopolysaccharides) were identified as the principal components interacting with cationic stains, some of these dyes have been used to assess the PG content of cartilage tissue on a semiquantitatix basis by measuring the histochemical signals (stain density) on stained sections (2-4). Such procedures have proved to be particularly useful in studies relating to osteoarthrosis (semiquantitative assessment of PG loss associated with this disease) ( 5 ) .
However, when routine aqueous chemical fixation media are utilized [e.g., formaldehyde or ethanol for light microscopy; glutaraldehyde and osmium tetroxide ( 0~0 4 ) for electron micros- tion of proteoglycans in cartilage tissue sections (such as Acridine Orange, Alcian Blue, Azure A, Methylene Blue, and Ruthenium Red). Only two dyes, i.e, RHT and the newly tested RHT-CC, formed proteoglycan precipitates sufficiently stable to resist disruption and extraction during osmium tetroxide post-fmation. The latter may be particularly useful in semiquantitative analyses of proteoglycan content in unstained tissue sections owing to its intense brown-black color. For applications in which the osmium tetroxide postfiation step may be omitted, TRC and PRT may also be valuable for semiquantitative histochemistry by virtue (6,7) . Furthermore, the decalcification procedure that is also frequently employed promotes additional loss of these molecules. Hence, subsequent monitoring of stained sections for quantitative histochemical analysis yields little information (8, 9) . The extraction of PGs during histological processing can be prevented by including an appropriate cationic dye in the fixation medium from the onset of processing (2,10), a procedure which at the same time also improves cell shape preservation (11,12).
Unfortunately, most cationic dyes useful for such purposes do not have an intense, histochemically quantifiable signal, and subsequent section staining is therefore unavoidable. However, after plastic embedding the stoichiometric reproducibility of staining along the section surface plane is poor, and hence the accuracy of quantitative histochemical staining for cartilage matrix is further compromised.
In the present investigation, several cationic dyes chemically related to RHT were tested for their effectiveness in precipitating cartilage matrix PGs in situ and the stability of the resultant complexes was assessed during aldehyde fixation and o s 0 4 postfixation. The potential of such material for histochemical quantitation of PGs on tissue sections not further stained was evaluated.
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A number of cationic dyes generally employed for cartilage fixation and, in particular, for PG precipitation [such as Acridine Orange (13, 14) , Alcian Blue (15-17), Azure A (2, 18) , cetylpyridinium chloride (6, 19, 20) , Cuprolinic Blue (21, 22) , Methylene Blue (23), Ruthenium Red (24, 25) , Safranin 0 (26) . and Toluidine Blue (27) (28) (29) were also appraised.
Materials and Methods

Cartilage Tissue Preparation
Tissue slices were gently sawn off the proximal tibial growth plates of Wistar rats [cared for according to the guidelines laid down by the "Eidgenossische Tierschutzverordnung" (Art. 61)] which were maintained under general (ketamine-ether) anesthesia. These slices were immediately transferred to the appropriate fixation solution, within which they were cut up into small tissue blocks (~1 mm x 0.6 mm x 0.6 mm) using razor blades (this procedure was optically controlled with a stereo microscope).
Chemical Fixation
Tissue blocks were fixed for 3-4 hr at ambient temperature (~2 1 . C ) in 2% (vlv) glutaraldehyde solution (in 0.05 M sodium cacodylate buffer; pH 7.4) containing the dye under investigation (see below). Samples were then rinsed three times for 15 min in isotonic (adjustment made with NaCI) 0.1 M sodium cacodylate buffer, pH 7.4. Half of the specimens were postfixed (the other half not) before dehydration and embedding (see below).
Post-fiation solutions consisted of 1% (wlv) Os04 in 0.1 M sodium cacodylate buffer (pH 7.4; 330 mOsm) and the appropriate cationic dye. The process was carried out for 3-4 hr at ambient temperature and was followed by rinsing as described above.
Specimens were dehydrated in a graded series of increasing ethanol concentration, from 70-100% (vlv) (15 min for each step up to 95%; three times for 30 min in 100%). They were then infiltrated with propylene oxide and embedded in Epon 812 (or methylmethacrylate. for a few blocks per experiment) (see refs. 11, 30, and 31 for details).
Cationic Dyes
The cationic dyes tested for their usefulness in cartilage tissue preservation and for semiquantitative microscopic histochemistry included the following.
RHT-CC.
The ruthenium hexaammine trichloride-cyclohenedione complex was prepared according to ref. 32. Briefly, aqueous solutions of RHT [ 1% (w/v); Johnson-Matthey, Hertfordshire, UK] and 1,2 cydohemnedione (1%; Merck, West Point, PA) were combined in a 1:1 volume ratio and the reaction mixture adjusted to pH 11 with 0.1 M NaOH. Under these conditions, a stable, dark brown-black complex (RHT-CC) is formed. The pH of this solution was then adjusted to pH 7.4 (with 0.1 M HCI) before its addition to an equivalent volume of fixation medium (prepared at double concentration), and RHT-CC was thereby utilized at afinal percentage of 0.5 (wlv).
PRT. Pentaammine ruthenium N-dimethylphenylenediimine trichloride (MW 427.77) was synthesized according to ref. 22 . This dye emits an intense violet color signal. Optimal preservation results were achieved using a concentration of 0.1% (w/v).
TRC. Tris(bipyridyl)ruthenium(II) chloride (MW 640.5; Koch-Light, Haverhill, Suffolk, UK) is characterized by a stable orange-red fluorescence when activated by blue light. The dye was used at a concentration of 1.0% (w/v).
Cationic dyes tested for their potential in cartilage tissue preservation only (no or weak color signal or fluorescence) included the following. (MW 595.35; Merck) , the iron analogue of TRC, produced neither a color signal nor fluorescence. It was tested at a concentration of 1.0% (w/v). (MW 267.48 ; Aldrich Chemicals, Milwaukee, WI) emits a weak orange color signal. Optimal preservation results were attained at a concentration of 0.5% (w/v).
TIC. Tris(bipyridyl)iron(II)chloride
CHT. Cobalt hexaammine trichloride
Certain cationic dyes currently used for cartilage preservation were tested for their usefulness in yielding reproducible fixation results, particularly after post-fixation. These included: Acridine
Tissue Sectioning and Staining
Semi-thin (1-pm) sections were cut from Epon-embedded material with histomat-diamond knives (Diatome AG) on a Reichert ultramicrotome OMU 3, at a minimal distance of 50-70 pm from the tissue block surface. Both unstained and Toluidine Blue-post-stained sections were employed for light microscopic examination. Post-embedding staining of semi-thin sections with Toluidine Blue was usually necessary to enhance the color contrast produced by primary staining (with the cationic dye in fixation medium) sufficiently for light microscopy. Fourteen-micrometer sections were cut from methacrylate-embedded tissue on a Reichert Jung rotary microtome with a steel knife, and were examined unstained in the light microscope.
Thin sections were cut from Epon blocks on a Reichert Ultracut E and were placed on Parlodion-coated 200-mesh copper grids. They were stained initially with 6% (w/v) uranyl acetate (aqueous solution) for 6 min and then with lead citrate (according to Reynolds) for 8 min. Specimens were examined in a Philips EM 300 or a Hitachi EM 7100 B electron microscope.
Results
Criteria Used for Evaluation of Cartilage Tissue Preservation Quality in the Light Microscope
Chondrocytes preserved close to the native state have been demonstrated to have smooth surfaces both at the light microscopic level (using Normarski optics) (11) and in the electron microscope (using freeze-etched tissue preserved by rapid freezing) (12). The plasma membrane forms a continuous interface with the surrounding pericellular cartilage mauk (1, 31, 33) . This compartment (-1-2 pm in thickness) is very rich in PGs, and therefore is highly sensitive to suboptimal fixation conditions (34). Total matrix PG loss in the range of 2-4% is sufficient to deplete it, resulting in destruction of the cell-matrix interface, shrinkage and even collapse of cells, and hence formation of the so-called "lacunae" (11, 35 cell-matrix interfaces are structurally integral, i.e., absence of cell shrinkagekollapse and lacunae (Figures la-lc and Figures 4a, 4b . and 4d). The preservation quality also needs to be consistently good throughout the tissue block, not only along its surface. Criteria other than morphological ones, such as monitoring loss of radioactively labeled matrix substances by liquid scintillation counting, were not employed. In the authors' experience the latter has proved to be a far less sensitive indicator, owing to the problems of quenching caused by the presence of colored dyes and heavy metal ions in the fixation medium (34).
~h~ ~~f l z l~~~~ of zsted cutionic Dyes on Cartilage Tissue A number of cationic dyes chemically related to ruthenium hexa-Qua&' Figure 2. (a,c,e) Light and (b,d,f ammine trichloride (RHT) were tested for their usefulness in cartilage tissue fixation and for their histochemical staining properties with respect to PGs in thick sections. RHT itself yields optimal preservation results at both the light (Figures la and Ib) and the electron microscopic level (Figure 4a ) (11.35). and the PG precipitates formed are stable enough to resist disruption during os04 post-fixation (12). This dye is of a very pale orange-yellow color and unfortunately exhibits a progressive darkening in solution until it becomes almost black (11). The nature of this effect is unknown but it nevertheless renders the use of RHT impractical for histochemical quantitation of color signals. It also reacts with os04 and buffer salts in post-fixation media to form a colloidal product which is superficially deposited along the tissue block surface, up to a depth of about 2-5 pm. However, under high pH conditions (pH mil), RHT interacts strongly and irreversibly with cyclohexanedione, yielding RHT-CC which has an intense dark brown color (32). When thus complexed, RHT remained effective in precipitating PGs and optimal preservation results were achieved with respect to cell shape and matrix preservation (Figures 3a and 4d ). Although the contrast in proliferating cells (Figure 4d ) was comparable to that obtained after RHT fixation (Figure 4a ), it was somewhat exaggerated in hypertrophic cells (probably owing to loss of cytosolic components) ( Figure 3a ). Hence, in combining the superior preservation attributes of RHT with a strong, stable color signal (see Table 1 ). and by avoiding the problems of Os04 post-fixation, RHT-CC should be of particular value for semiquantitative analysis of PG content in unstained tissue sections.
Using pentaammine ruthenium N-dimethylphenylenediimine trichloride (PRT), preservation quality, as assessed in the light microscope, was optimal both after aldehydic fixation alone and when this step was followed by os04 post-fixation, both stages being conducted in the presence of the dye (Figures 2c and 2e ). However, electron microscopic examination of this tissue revealed that ma-trix preservation was inhomogeneous; in some areas, the PGs were encountered as clumpy precipitates (Figure 2d ), whereas in others these were disrupted to form fine reticular networks (Figure 2f ). This heterogeneity existed only when aldehyde-fixed tissue blocks were post-fixed; when the post-fixation step was omitted all PGs were precipitated as clumpy granules. The violet color signal emitted by this dye is intense, rendering section staining unnecessary (Table 1 ). The dye should therefore be particularly useful for semiquantitative assessment of PG content in the light microscope using densitometric analyses.
Tris( bipyridyQruthenium(I1) chloride (TRC) yielded optimal preservation results only when cartilage tissue was processed exclusively in aldehyde fixation media (Figure 2a ; Table 2 ). Electron microscopic examination of cartilage matrix revealed PGs to be precipitated as matrix granules (Figure 2b ) which were of similar size but irregular in contour (comparable to Ruthenium Red PG precipitates). During os04 post-fixation these PG precipitates were disrupted and extracted, regardless of whether TRC was present or not, leading to cell shrinkage (indicated by lacunae formation). Fluorescence microscopy of unstained sections yielded an intense orange-colored cartilage matrix, even with sections only 1 pm in thickness (see Table 1 ). The iron analogue of this dye, tris(bipyridy1)-iron(I1) chloride (TIC), yielded similar results with respect to cartilage fixation (Figure 3b ). but since it gives only a weakly colored signal it is of no potential use for histochemical analyses. Cobalt hexammine trichloride (CHT) (36) yielded optimal preservation results after aldehyde fixation (Figure 3c ). but inclusion of an os04 post-fixation step led to disruption and partial extraction of matrix granules (Figure 3d ), resulting in heterogeneous, Table 1 RHT is included in this group for ease of comparison, since the newly tested dyes are chemically related to this compound.
Newly tested dyes
suboptimal preservation quality ( Table 2) . Hence, this analogue is of no use for semiquantitative histochemical staining analyses (Table 1) . A large series of previously described cationic dyes still currently used in cartilage fixation was systematically analyzed for their effects on preservation quality (see Table 2 ). Of those tested, Acridine Orange (Figures le and lf) , Alcian Blue, cetylpyridinium chloride, Methylene Blue chloride, and Ruthenium Red (Figures IC and Id) yielded optimal preservation results, but only when the Os04 post-fixation step was omitted. Methylene Blue chloride and Ruthenium Red appeared to be the most promising candidates for histochemical quantitation of dye signals on unstained sections (see Table 1 ).
Discussion
In this study we have introduced several cationic dyes chemically related to ruthenium hexaammine trichloride (RHT), hitherto not used for histological purposes in cartilage research. Their usefulness in cartilage tissue preservation was investigated and their potential value for semiquantitative histochemical analysis of proteoglycans (PGs) in unstained sections was evaluated. For the latter purpose, it is of course essential to avoid PG loss from tissue at all stages of processing. This can be achieved only when the appropriate cationic dye is present from the onset and during the course of fixation. Even under these conditions, not all cationic dyes presently in use are capable of ensuring against loss, particularly if an Os04 post-fixation step is employed. In the absence of a cationic dye, PG loss from cartilage matrix in aldehydic fixation media may be on the order of 10-15% during the initial 2-4 hr, and this will increase continuously as the fixation time is extended; dur-ing Os04 post-fixation additional losses on the order of 60% are incurred (6).
In instances where a semiquantitative histochemical analysis of cartilage matrix PGs in the light microscope is planned, section staining may be a problem. When plastic embedding materials are employed this process is limited to the section surface plane and the staining result is, in our experience, quite variable and unreproducible. Removal of embedding material from sections to improve the staining result is, from a chemical point of view, a drastic procedure, associated with uncontrollable PG loss and hence unreproducible staining results. By obviating the need for such procedures, the advantages of including an appropriate cationic dye during tissue processing are patent. The value of such compounds in histochemical quantitation does, of course, depend on their emission of a strong optical signal, which may be either a stable fluorescence, as in the case of TRC, or a strong color signal, as produced by PRT or RHT-CC ('Igble 1).
An unexpected finding was that all but two (i.e., PRT and RHT-CC) of the newly introduced dyes yielded reproducible preservation results only when the Os04 post-fixation step was omitted. It is generally believed that inclusion of a cationic dye in both aldehydic fixation and post-fixation media ensures against PG loss. This appears not to be so, and our findings prompted us to test a whole series of cationic dyes currently used for cartilage histology and electron microscopy. Dyes frequently used, such as Alcian Blue and Ruthenium Red, are indeed not powerful enough to prevent significant PG extraction during the o s 0 4 post-fixation step. Others, such as Safranin 0, cannot even entirely prevent loss during the aldehyde fixation step. With dyes such as Azure A, Cuprolinic Blue, or Toluidine Blue, massive PG extraction takes place during this stage alone (see Table 2 ). We had previously believed that the occurrence of PG loss during aldehyde fixation and Os04 postfixation, despite the presence of a cationic dye, was due mainly to the poor diffusion or penetration properties of the dye (11). However, since tissue subjected to aldehyde fixation alone (in the presence of the dye) may yield optimal results, whereas inclusion of an Os04 post-fixation step usually worsened the situation, the problem appears to be that PG precipitates are disrupted and extracted during this latter stage, a phenomenon that has not previously been appreciated. The precipitation power of the cationic dye (i.e., its ability to induce the formation of stable PG precipitates with a low solubility product) is therefore a crucial property. However, precisely what factors govern this are not known (37).
The only cationic dyes capable of resisting Os04-induced PG extraction are RHT, RHT-CC, and PRT. PG precipitates formed in the presence of RHT during aldehyde fixation are stable to such a degree that when Os04 post-fixation is carried out in the presence of another cationic dye (to avoid colloid formation; see Results) which itself is less powerful and usually unable to prevent extraction during aldehyde fixation, the protection offered is sufficient to prevent further loss (see, e.g., ref. 31).
The potential danger of using light microscopic criteria alone to judge preservation quality is illustrated in the case of PRT. According to these criteria (see Results), this dye is powerful enough to prevent PG extraction even under os04 post-fixation conditions, and it therefore yields optimal results. However, electron microscopic examination reveals that the PG precipitates may be partially and inhomogeneously disrupted to form fine fibrillar networks without being extracted (hence the optimal results according to light microscopic criteria). Careful examination by electron microscopy is necessary to ensure that PGs are real1y:precipitated. This is particularly important for quantitative analyses that involve determining the numeric density of PG precipitates (i.e., the number of matrix granules per unit tissue volume). Such numeric values become meaningless if inappropriate dyes are employed. In this capacity, Ruthenium Red has unfortunately been only too commonly used in the past (37).
An important conclusion of this study is that os04 postfixation should be omitted in almost all cases where cationic dyes are used for PG precipitation ( Table 2) . RHT and RHT-CC represent the sole exceptions to this rule; the matrix granules formed in these instances are the only ones completely resistant to both disruption and extraction under os04 post-fixation conditions.
